Abstract -The activity of the renin-angiotensin-aldosterone system is triggered by the release of the protease renin from the kidneys, which in turn is controlled in the sense of negative feedback loops. It is widely assumed that Ang II (angiotensin II) directly inhibits renin expression and secretion via a short-loop feedback by an effect on renin-producing cells (RPCs) mediated by AT 1 (Ang II type 1) receptors. Because the concept of such a direct short-loop negative feedback control, which originates mostly from in vitro experiments, has not yet been systematically proven in vivo, we aimed to test the validity of this concept by studying the regulation of renin synthesis and secretion in mice lacking Ang II-AT 1 receptors on RPCs. We found that RPCs of the kidney express Ang II-AT 1 receptors. Mice with conditional deletion of Ang II-AT 1 receptors in RPCs were normal with regard to the number of renin cells, renal renin mRNA, and plasma renin concentrations. Renin expression and secretion of these mice responded to Ang I (angiotensin I)-converting enzyme inhibition and to Ang II infusion like in wild-type (WT) controls. In summary, we did not obtain evidence that Ang II-AT 1 receptors on RPCs are of major relevance for the normal regulation of renin expression and secretion in mice. Therefore, we doubt the existence of a direct negative feedback function
T he protease renin is the key regulator of the reninangiotensin-aldosterone system (RAAS), which essentially controls blood pressure (BP) and fluid homeostasis of the organism. 1, 2 Renin expression has been demonstrated for a variety of organs with the highest expression level in the kidney. 3 Therefore, the activity of the circulating RAAS is considered to be triggered by renin originating in the kidney. 4, 5 There, renin expression and secretion is regulated by negative feedback loops involving Ang II (angiotensin II). 6 At the cellular level, responsiveness to Ang II is conferred by expression of angiotensin receptors, which belongs to the large family of 7 transmembrane G protein-coupled receptors. 7 To date, virtually all classical physiological actions caused by Ang II have been attributed to the AT 1 (Ang II type 1) receptor. 8 The AT 1a receptor is present in all organs that have a potential to affect BP, including the vasculature, immune system, heart, nervous system, adrenal gland, and the kidney. 9 The effects of AT 1a receptors lead to vasoconstriction and hence to an increase in BP. Furthermore, extracellular fluid volume and renal tubular sodium reabsorption increase and aldosterone release are stimulated. [10] [11] [12] [13] Renin is mainly produced and secreted by pericyte-like cells 14 associated with renal preglomerular arteries. 15 Even in the adult kidney, the number of renin-producing cells (RPCs) shows a high degree of plasticity. 16 In states of a challenged RAAS, such as salt deficiency or hypotension, the number of RPCs increases, 17, 18 whereas in states with less demand for the RAAS, such as during salt overload or hypertension, the number of RPCs decreases. 2, 19 In states of genetic loss of functions of the RAAS, a marked hyperplasia of RPCs develops in humans and rodents. 16, [20] [21] [22] [23] [24] [25] Hyperplasia and concomitant hypersecretion of renin in humans and laboratory animals can also be induced pharmacologically by RAAS inhibitors, such as direct renin inhibitors, 26 Ang I (angiotensin I)-converting enzyme inhibitors, [27] [28] [29] or Ang II-AT 1 receptor blockers. [30] [31] [32] In vitro studies have suggested the expression of Ang II-AT1 receptors by juxtaglomerular cells. 33, 34 In addition, Ang II has been repeatedly shown to rapidly inhibit renin secretion from isolated perfused kidneys [35] [36] [37] or kidney slices. 6, 38 The combination of these in vivo and in vitro findings has led to the concept that renin synthesis and secretion might be directly controlled by Ang II in the sense of a negative feedback at the level of potential renin producers. [39] [40] [41] Although intriguing, the relevance of such a shortloop feedback regulation of renin synthesis and secretion in vivo has not yet really been proven. In vivo experiments with pharmacological manipulations of Ang II generation or action are not suitable to prove the concept of a direct negative feedback because they are always confounded by side effects relevant for renin secretion, such as changes of BP or sodium balance. In contrast, in vivo studies addressing the role of AT1 on renin cells already raised first doubts on the relevance of a direct negative feedback of renin by Ang II. 42, 43 In any case, there exists yet no systematic analysis of the potential role of Ang II-AT 1 receptors on RPCs for the control of renin synthesis and secretion in vivo. We, therefore, have addressed this topic by analyzing the regulation of renin expression and secretion in mice lacking Ang II-AT 1 receptors on RPCs.
Methods
The data that support the findings of this study are available from the corresponding author on reasonable request. For detailed descriptions of experimental procedures, please see the online-only Data Supplement.
Animals and Experimental Protocols
All procedures performed on animals were done in accordance with the National Institute of Health Guide for the Care and Use of Laboratory Animals and were approved by the German government (approval No. 54-2532.1-29/13).
Both male and female 6-to 9-week-old modified mice and wild-type (WT) littermates derived from heterozygous breeding pairs were used in this study. Renin cell-specific AT 1a -deficient (Ren1d +/Cre ×AT 1a fl/fl ) mice were generated by crossbreeding mice with loxP-flanked AT 1a alleles 10 and mice with targeted insertion of Cre-recombinase into the Ren1d (renin-1d) locus. 16 The renin cell-specific double-knockout mice for AT 1a and AT 1b (Ren1d ) were generated by crossing the aforementioned mouse lines with mice with a systemic deletion of AT 1b . 44 Unless otherwise noted, the animals had free access to standard rodent chow (0.6% NaCl; Ssniff, Germany) and tap water.
In addition to baseline measurements, the following experimental protocols were used:
1. To stimulate renin production, animals received the loop diuretic furosemide (2.28 mmol/L) in the tap water for 7 days or low-salt diet (0.02% NaCl; Sniff, Germany) combined with the ACE (angiotensin-converting enzyme) inhibitor enalapril in the tap water (10 mg/kg BW ×d −1 ) for 14 days (n=10 per group). Except sodium chloride content, low-salt diet and standard chow were identical. show intraglomerular and tubular AT 1a receptor distribution but no expression in RPCs (E and F; magnification ×400; scale bars=20 μm). aa indicates afferent arteriole; and gl, glomerulus.
2. To suppress renin production, Ang II was applied by osmotic minipumps (2.5 µg/kg BW ×min −1 in isotonic saline, Alzet model 1002) for 10 days. In a control group, osmotic minipumps were filled with vehicle (n=5 per group). Pumps were implanted dorsal subcutaneously under sevoflurane anesthesia.
Immunohistochemistry
Perfusion-fixed paraffin-embedded kidneys were costained for renin and anti-α-SMA (α-smooth muscle actin). Micrographs were obtained using a AxioObserver Z1 Microscope (Carl Zeiss, Germany).
Chromogenic In Situ Hybridization
Localization of AT 1a and AT 1b receptor-mRNA was performed on 3% paraformaldehyde perfusion-fixed, paraffin-embedded kidney tissue using the RNAscope 2.5 HD Brown Reagent Kit (Advanced Cell Diagnostics, CA), following manufacturer's instructions. Probes for AT 1a and AT 1b were obtained from Advanced Cell Diagnostics (Cat No. 404001, 406231-C2). The detailed procedure is described elsewhere. 45 After the in situ hybridization procedure, we performed immunohistochemical stainings on the same slice as described above. Brightfield imaging was done with an AxioObserver Z1 microscope.
Determination of mRNA Expression by Real-Time Polymerase Chain Reaction
For quantification of mRNA expression, real-time polymerase chain reaction was performed using a Light Cycler 480 Instrument and the LightCycler 480 SYBR Green I Master Kit (Roche Diagnostics, Germany). mRNA expression data were normalized to GAPDH.
Determination of Plasma Renin Concentration
Blood samples were taken from the tail vein into EDTAcoated capillary tubes to prevent clotting. Plasma was separated by centrifugation (8 minutes, 8000 rpm), and 5 μL of the plasma (diluted 1:20 in 100 μL volume) were incubated for 90 minutes at 37°C with plasma from bilaterally nephrectomized male rats, which served as substrate for renin. Plasma renin concentration (PRC) was determined by measuring the capacity of plasma samples to generate Ang I in the presence of excess renin substrate. The generated Ang I (in ng/mL×h −1 ) was determined by ELISA (IBL, Germany).
BP Measurement by Tail-Cuff Method
Systolic BP of conscious mice was determined by tail-cuff manometry (TSE Systems, Germany). Mice were conditioned by placing them into the holding devices on 5 consecutive days before the first measurement was performed. BP was measured 8× per mouse daily for 10 days. The daily average values per mouse were used for analysis. (n=5 per group).
Ca

2+ Imaging
For intracellular Ca 2+ imaging, we crossed Ren1d
×AT 1b −/− with mice harboring a BAC-GFP (bacterial artificial chromosome-green fluorescent protein) reporter construct under the control of the Ren1 gene promotor. 46 A single-cell suspension of kidney cells was incubated with fura-2-AM (acetoxymethyl ester) and 10 nM Ang II or 10 µM ATP were applied. Fura-2 emission ratios of the regions of interest were detected at 340-and 380-nm excitation. 
Statistical Analysis
Student t test was used to test significance of difference between 2 groups. Otherwise, ANOVA, followed by Bonferroni post hoc test, was used to test significance of differences between groups. The data were analyzed using Graph Pad Prism 6 software to determine their significant differences. Values were presented as means±SEM. A P value <0.05 was considered statistically significant.
Results
Intrarenal localization of Ang II-AT 1 receptors was performed by in situ hybridization via RNA scope. As shown in Figure 1 , clear hybridization signals were obtained for both AT 1a receptor-mRNA ( Figure 1A ) and AT 1b receptor-mRNA ( Figure 1C ) in preglomerular RPCs. Immunohistochemical studies of the same slice for renin exhibit the typical position of RPCs in the media layer of afferent arterioles at the juxtaglomerular poles of the glomeruli ( Figure 1B and 1D ). Outside RPCs, prominent signals for AT 1a and AT 1b receptor-mRNA were seen within the glomerulus and in the extraglomerular mesangium. Significant but less-prominent signals for AT 1a and AT 1b receptor-mRNA were obtained for smooth muscle cells of afferent arterioles and for proximal tubules.
To determine the in vivo relevance of AT 1a receptors on RPCs for the regulation of renin expression and secretion, we generated mice with a renin cell-specific deletion of AT 1a receptors (Ren1d +/Cre ×AT 1a fl/fl ) using the Cre/loxP system. In the kidneys of these mice, signals for AT 1a receptor-mRNA were absent from RPCs but still visible within glomeruli indicating effective Cre-lox recombination in RPCs ( Figure 1E and 1F).
The number and distribution of RPCs in the kidneys of Ren1d +/Cre ×AT 1a fl/fl mice were rather similar to WT controls (Figure 2A and 2C) . In WT kidneys, RPCs were typically located in the media layer of afferent arterioles at the juxtaglomerular poles of the glomeruli, identified by SMA (Figure 2A ). The cuboid RPCs are few in number. In contrast, both in systemic AT 1a -deficient mice and systemic AT 1a ×AT 1b double-knockout mice, the number of RPCs was drastically increased (Figure 2E and 2F) . Renin cells were associated with the juxtaglomerular apparatus, afferent and efferent arterioles, and to a minor extent also with bigger vessels like interlobular and arcuate side arteries. RPCs were found within the vessel walls but also in association with the outer circumference of the vessels. Renin cell-specific AT 1a -deficient mice (Ren1d +/Cre ×AT 1a fl/fl ) featured RPCs only at the afferent arterioles in the juxtaglomerular area at the entrance into the glomerular tuft ( Figure 2C ). In accordance, also renal renin mRNA abundance and PRCs were normal in these animals ( Figure 3) .
To not ignore a potential contribution of Ang II-AT 1b receptors in the control of the renin system, we also studied mice with a global deletion of Ang II-AT 1b receptors (AT 1b −/− ). AT 1b −/− mice had normal RPCs and plasma renin concentrations as a measure for in vivo renin secretion ( Figures 2B and 3) .
We next generated mice with conditional deletion of AT 1a receptors on RPCs and a global deletion of AT 1b receptors (Ren1d +/Cre ×AT 1a fl/fl ×AT 1b −/− ). Again, also these mice appeared normal with regard to RPCs ( Figure 2D ), renin mRNA, and PRCs ( Figure 3) . In accordance, all genotypes analyzed in this context had normal BP values determined by tail-cuff measurements (on average, 112 mm Hg; Figure 4 , control). Additional evidence for a functional deletion of AT 1 receptors was obtained from intracellular Ca 2+ imaging in isolated single RPCs using Fura-2. For identification of the cells, we crossed Ren1d +/Cre ×AT 1a fl/fl ×AT 1b −/− and WT with mice harboring GFP expression in all active RPCs. 46 After Ang II administration, we could detect a marked increase in intracellular Ca 2+ in WT (0.30±0.06 Δ ratio 340/380±SEM), which was completely blunted in AT 1 -deficient cells (−0.01±0.02 Δ ratio 340/380±SEM; Figure 5 ).
Next, we examined the renin system in states of challenges of the RAAS, which were induced by a combination treatment with low-salt diet (0.02% NaCl) and with an ACE inhibitor (enalapril), and by treatment with the loop diuretic furosemide. Combination treatment with low-salt diet plus enalapril led to a strong increase of renin mRNA (8-fold) and PRCs 
Discussion
Our study aimed to directly test the concept of a negative feedback regulation of the renin system by Ang II mediated via Ang II-AT1 receptors in vivo directly on the level of RPCs.
The results of the present study strongly suggest the existence of functional Ang II-AT 1 receptors on RPCs. This finding confirms previous studies. 33, 34 Effective deletion of AT 1 receptors from RPCs was achieved by Cre-lox recombination of AT 1a receptors (Figure 1 ) using Cre-recombinase driven by the mouse ren-1 promotor 16 in combination with global constitutive deletion of AT 1b receptors. 44 Strikingly, RPCs in these mice developed normal, and also basal renin expression and renin secretion were normal. This observation is different from the effects of global constitutive deletions of AT 1a receptors or combined deletions of AT 1a and AT 1b receptors, which show a 5-or 10-fold increase in basal renin expression versus WT. 47, 48 Constitutive deletion of AT 1a receptors is associated with renin cell hyperplasia, 20, 22, 49 and this hyperplasia is further exaggerated by codeletion of AT 1a and AT 1b receptors. 44 Notably, renin expression in mice with preferential deletion of AT 1 receptors from renin cells strongly increased in response to low-salt diet if the RAAS was generally inhibited by an Ang I-converting enzyme (ACE) inhibitor, suggesting that Ang II indirectly affects renin expression. Again, the wellknown strong stimulation of renin expression and secretion induced by ACE inhibition in combination with low-salt diet 50 was not different between controls and mice with preferential deletion of AT 1 receptors on renin cells. In accordance with previous reports, 40, 41 we also found that infusion of Ang II lowered renin expression and secretion in control mice. Notably, the suppression of the renin system by Ang II infusion occurred in a similar fashion in Ren1d +/Cre ×AT 1a fl/fl and controls. These findings doubting the existence of an Ang II short-loop feedback are in agreement with conclusions drawn from 2 previous studies. These studies found either no association between juxtaglomerular AT1a-chimerism and renin expression 42 or reported normal renal renin expression when kidneys lacking AT1a receptors were transplanted into mice with intact systemic AT1a receptors. 43 In addition, an in vitro single-cell study reported that supraphysiological concentrations of Ang II caused inhibition of renin secretion in only <40% of renin cells isolated from adult kidneys. This finding, therefore, would already suggest that renin secretion from the majority of renin cells does not directly respond to Ang II and that the potential responding cells require high concentrations of Ang II that are probably not reached in vivo. 38 The question arises about the pathways along which Ang II could influence the renin system if there is in vivo no apparent direct effect on the level of RPCs. One common regulator of renin expression and secretion in normal mice and in mice lacking AT 1 receptors on RPCs could be the BP, which is known to influence the renin system in a reciprocal fashion. 1, 47, 51 ACE inhibition in combination with low-salt diet caused similar falls of systolic BP in control mice and in mice lacking AT 1 receptors on RPCs. Conversely, infusion of Ang II led to similar increases of BP in both mouse genotypes.
A certain limitation of our study is that during development, the mouse ren-1 promotor is active also in cells other than cells becoming finally renin producers in the kidney. 16 Therefore, it has to be taken into account that the AT 1a receptor was predominantly but not exclusively deleted from RPCs in Ren1d +/Cre ×AT 1a fl/fl mice investigated in this study. Nonetheless, in these mice, the renin system was normal and, therefore, clearly different from mice with global deletion of AT 1a receptors indicating that the Ang II-AT 1a receptors, which are relevant for regulation of renin expression and secretion, are still active in Ren1d +/Cre ×AT 1a fl/fl mice. Possible candidates for such Ang II-AT 1 receptors could be receptors on vascular smooth muscle cells, on tubular cells, or on adrenal gland cells, all of which contribute to BP. [10] [11] [12] [13] It should be added in this context that mice with global deletion have low BP, 52 whereas Ren1d +/Cre ×AT 1a fl/fl mice as investigated in this study have normal BP.
Perspectives
In summary, the results of the present study provide no evidence for a direct negative feedback control of renin production and secretion by Ang II in vivo. Because Ang II still influences renin expression in the absence of AT 1 receptors in the renin cell lineage, AT 1 receptors on other cells likely influence the renin system in a more indirect fashion. To identify the localization of AT 1 receptors relevant for renin regulation remains a future and solvable task. 
